Elevated ambient temperatures have long been recognized as a major cause of reduced reproductive performance in domestic livestock during hot seasons in tropical and subtropical areas \[[@r1]\]. Similar seasonal or environmental effects on birth defects are also identified in humans \[[@r2]\]. Although the underlying mechanisms causing low embryo survival and conception rates are not fully understood, based on *in vitro* studies, temperature elevation retards embryo development and alters the morphologies of nuclei and cytoskeletons of mammalian oocytes \[[@r3], [@r4]\].

Fully grown mammalian oocytes are arrested at the prophase of the first meiotic division, which is termed the germinal vesicle (GV) stage. In response to the physiologic LH surge, the oocyte undergoes GV breakdown (GVBD), extrudes the first polar body, and proceeds into metaphase II (MII); at that point, it undergoes second meiotic arrest until fertilized by sperm or activated by other stimuli. Signal transduction within oocytes is mostly via activation or deactivation of specific protein kinases by phosphorylation or dephosphorylation; these are among the most important mechanisms regulating meiosis. These processes are largely controlled by various kinase molecules, such as maturation promoting factor (MPF) and mitogen-activated protein kinases (MAPKs) \[[@r5], [@r6]\]. Activation of MPF enables eukaryotic cells to enter into metaphase \[[@r7]\]. Extracellular signal-regulated kinases (ERK1 and ERK2), which are members of the canonical MAPK family, are activated in response to various extracellular signaling molecules, notably growth factors, via an upstream small G-protein Ras. In addition, Jun kinases (JNK) and p38, collectively known as stress-activated protein kinases (SAPKs) constitute two other kinase families, which are also induced by extracellular cues \[[@r8], [@r9]\]. These signaling pathways play critical roles in regulation and determination of cell growth, proliferation, differentiation, and/or apoptosis under physiologic and stress conditions. However, their functions and activation profiles during oocyte development are largely unknown. Nevertheless, p38 has been associated with various cellular stress responses, e.g., hyperosmolarity, ultraviolet radiation, inflammatory cytokines and endotoxins. In that regard, p38 is released in response to various physiologic cues, including growth factors, mitogens and FSH. Furthermore, it is also involved in various processes during differentiation, proliferation, and survival of somatic cell lineages \[[@r10], [@r11]\]. It appears that p38 in porcine oocytes is activated around GVBD and remains active at and throughout the MI-MII transitional stage (Yen *et al*., unpublished data). The objective of the current study was to determine the expression and activation of p38 and other MAPKs after in vitro maturation (IVM) of porcine oocytes, with or without exposure to external heat shock (HS).

Materials and Methods {#s1}
=====================

Oocyte collection and IVM
-------------------------

Porcine ovaries were stored in saline (35--37 C) and transported to the laboratory in an insulated container within 1 h after slaughter. Cumulus-oocyte complexes (COCs) were collected by aspirating ovarian surface follicles (3 to 6 mm in diameter). The recovered COCs were then matured (20 to 30 COCs/100 μl) in North Carolina State University-23 (NCSU-23) medium supplemented with 10% follicular fluid, cysteine (0.1 mg/mL, C-5182, Sigma-Aldrich, St. Louis, MO, USA), EGF (10 ng/ml, E-4127, Sigma-Aldrich) and gonadotropins (hCG, 10 IU/ml, Sigma-Aldrich, A; PMSG, 10 IU/ml, Sigma-Aldrich) for the first 22 h of culture at 39 C in an incubator containing 5% CO~2~ in air \[[@r12]\]. Thereafter, medium was replaced with gonadotropin-free NCSU-23 medium, and the oocytes were cultured continuously for another 20 h prior to HS treatment. Matured oocytes were selected by visualization of polar body extrusion at 42 h after the onset of IVM \[[@r13]\].

Treatments with HS and kinase inhibitor SB203580
------------------------------------------------

Matured oocytes were randomly allocated to three HS groups and two control groups. In the former, oocytes were subjected to 41.5 C for 1, 2 or 4 h, whereas in the latter, oocytes were cultured at 39 C for 0 (C0h) or 4 h (C4h) without HS, as described previously \[[@r3], [@r14]\]. Inhibition of p38 was done with 10 μM of SB203580 (Calbiochem; San Diego, CA, USA), a specific inhibitor for p38, added to the IVM medium at various stages of culture.

Western blotting
----------------

Analysis of protein expression was conducted as described previously \[[@r15]\], and the following antibodies were purchased from Santa Cruz Biotechnology Inc., CA, USA, unless mentioned otherwise. Briefly, oocytes were rinsed in DPBS-PVA immediately after treatments and then collected in sodium dodecyl sulfate (SDS) sample buffer containing 100 mM Tris/HCl (pH 6.8), 5% 2-mercaptoethanol, 3% SDS, 4% glycerol and 0.1% bromophenol blue. All samples (50--150 oocytes per sample) were boiled for 5 min and stored at --80 C. Oocyte samples were subjected to electrophoresis in 10% (V/V) polyacrylamide/SDS gels \[[@r15],[@r16]\]. The resolved proteins were transferred to nitrocellulose membranes, which were blocked with 10% chicken serum in TBS (20 mM Tris-HCl, pH 7.4, 150 mM NaCl) containing 0.1% Tween 20 for 1 h and then incubated with rabbit polyclonal anti-phospho-p38 MAPK (1:100, \#9211), anti-phospho-ERK (1:500, \#9101), anti-phospho-JNK (1:100, \#9251) antibodies or rabbit polyclonal anti-human p38 (1:200, C-20), anti-ERK (1:500, K-23), anti-JNK (1:500, \#9252) and mouse monoclonal anti-RSK antibodies (1:100, E-1) at 4 C overnight. Membranes were washed three times (10 min/each) with TBST (20 mM Tris, PH 7.4, 500 mM NaCl, 0.05% Tween-20) and then incubated with secondary antibody (1:10000, anti-rabbit immunoglobulin horseradish peroxidase) for 1 h at room temperature. After three washes for 10 min each, proteins were detected with a Super^®^Signal West Pico Chemiluminrescent Substrate Kit (Pierce Biotechnology, Inc., Rockford, IL, USA). The intensity of each band was measured by using densitometry (Scion Image software for Windows).

Immunocytochemical staining
---------------------------

Oocytes were washed twice in DPBS-PVA and then fixed in DPBS-PVA containing 4% paraformaldehyde and 0.2% Triton X-100 for 40 min at room temperature. Thereafter, fixed samples were washed twice in DPBS-PVA for 15 min and stored overnight in 1% BSA in DPBS-PVA (BSA-DPBS-PVA) at 4 C prior to staining. The next day, oocytes were blocked with 10% goat serum (Dako A/S, Glostrup, Denmark) in DPBS-PVA-BSA for 45 min and then incubated in DPBS-PVA-BSA containing rabbit polyclonal anti-phospho-p38 antibody (1:100, \#9211, Santa Cruz Biotechnology) at 4 C overnight. After three washes in PBS-PVA-BSA, oocytes were incubated in DPBS-PVA-BSA containing Alexa Fluor 488-labeled goat anti-rabbit IgG (1:300; Molecular Probes Inc., Eugene, OR, USA) for 40 min at room temperature, and then the chromosomes were stained with Hoechst 33342 (10 μg/ml, Sigma-Aldrich). Negative control images were obtained by omitting the first antibody during staining. Following a complete washing, oocytes were mounted on slides with mounting medium (50% DPBS, 50% Glycerol, 25 mg/ml NaN~3~) and observed under an Olympus epifluorescence microscope (AX-70). The intensity of p-p38 expression in oocytes was analyzed with the ImageJ software \[[@r17]\].

Experimental designs
--------------------

Experiment 1-- Expression and activation of MAPKs in matured oocytes after HS: For an initial screening of matured oocytes, three members of the MAPK family, i.e., ERK, JNK and p38 MAPK and their related downstream molecules, were examined.

After 42 h of IVM, cumulus cells were removed from COCs, and matured oocytes were randomly allocated to five treatment groups, i.e., two control groups (C0h and C4h, 39 C) and three HS groups (HS1h, HS2h or HS4h, at 41.5 C) for analyses by Western blotting.

Experiment 2-- Subcellular localization of phosphorylated p38 of matured oocytes: Based on the observations in Experiment 1, confirmation of activated p-p38 in matured porcine oocytes was performed by immunocytochemistry to visualize its expression and distribution in heat-shocked (at 41.5 C for 1, 2 and 4 h) oocytes, with non-heat-shocked (39 C) oocytes being used for comparison. Oocytes were stained with Hoechst stain and the secondary antibody but without the primary antibody to serve as the negative control. The fluorescence intensity was further quantified using the ImageJ software for analysis.

Experiment 3-- Detection of p38 downstream MAPKAPK2 expression under HS conditions: The p38 inhibitor, SB203580 (10 μM), was added to the IVM medium during the culture period; thereafter, matured oocytes were fixed and stained for determination of nuclear status. To determine whether HS-influenced activation of MAPKAPK2 is mediated by p38 in matured porcine oocytes, denuded MII oocytes were randomly cultured with or without SB203580 in the C4h, C0h, HS1h, HS2h or HS4h groups and then collected for phosphorylated MAPKAP2 analysis by Western blotting.

Statistical analyses
--------------------

All data from Western blotting and immunocytochemical staining were analyzed by ANOVA using the General Linear Model (GLM) procedure in the Statistical Analysis System software \[[@r18]\] and then subjected to Tukey's test. Percentile data were analyzed by Chi-square. For all statistical analyses, significance was set at P \< 0.05.

Results {#s2}
=======

Experiment 1: Expression and activation of MAPKs in matured oocytes after HS
----------------------------------------------------------------------------

With various durations of HS treatment, activation of ERK1/2 and its downstream target molecules, p90rsk and JNK, in matured oocytes was not significantly different among treatment groups ([Figs. 1](#fig_001){ref-type="fig"} and[2](#fig_002){ref-type="fig"}Fig. 1.Expressions of ERK and its downstream p90rsk in matured porcine oocytes after *in vitro* heat shock at 41.5 C for 0, 1, 2 or 4 h. (*a*) A representative immunoblot of p-ERK, total ERK (44 and 42 kDa, respectively) and p90rsk (upper panel, 90 kDa). There were no significant differences among treatment groups. (*b*) There was no significant difference among treatment groups in relative activity of ERK (p-ERK/total ERK). Data are expressed as folds of the C0h group. Each lane of the SDS-PAGE gels contained 50 oocytes (four replicates). Bars indicate means ± SEM. M, marker.Fig. 2.Expression of JNK in matured porcine oocytes after *in vitro* heat shock at 41.5 C for 0, 1, 2 or 4 h. (*a*) A representative immunoblot of JNK (upper panel) and total JNK (lower panel, 54 and 46 kDa, respectively). There were no significant differences among treatment groups in either panel. Data are expressed as folds of the C0h group. Each lane of the SDS-PAGE gel contained 100 oocytes (four replicates). Bars indicate means ± SEM. M, marker.). However, the total p38 levels in all treatments (including the C4h group) were increased (P \< 0.05) compared with in the control (C0h) group ([Fig. 3a](#fig_003){ref-type="fig"}Fig. 3.Level of p-p38 in matured porcine oocytes in control (non-heat-shocked group; maintained at 39 C) and heat-shocked (HS, 41.5 C) groups. (*a*) Representative immunoblot of p-p38 (upper panel) and total p38 (lower panel, 43 kDa). The p-p38 activity was decreased (P \< 0.05) in the HS1h group and then slightly rebounded as the duration of HS increased. The total p38 level was increased when the duration of HS was prolonged (P \< 0.05). (*b*) The relative activities of p-p38 in all the HS groups were reduced (P \< 0.05) compared with the C0h group. Each lane of the SDS-PAGE gel contained 150 oocytes (five replicates). ^a,\ b^Bars without a common superscript differed (P \< 0.05). Bars indicate means ± SEM. M, marker.). In contrast, its relative activities (p-p38/total p38) were significantly reduced throughout the time courses of the HS (HS1h, HS2h and HS4h) and prolonged culture (C4h) groups, with no significant differences among them compared with the C0h group ([Fig. 3](#fig_003){ref-type="fig"}). Similarly, the p-p38 signal was clearly reduced in the HS1h group ([Fig. 4B](#fig_004){ref-type="fig"}Fig. 4.Subcellular localization of p-p38 in matured porcine oocytes in the non-heat-shocked (39 C) and heat-shocked (41.5 C) groups. Green dots are p-p38 labeled by immunocytochemical staining. (A--E) Expressions of p-p38 in matured oocytes after heat shock for 0 h (A), 1 h (B), 2 h (C) or 4 h (D) and the p-p38 level in matured oocytes cultured at 39 C for 4 h (E). Panels A'--E' are negative controls (without primary antibody), and insets are chromatin/chromosome (blue) structures stained by Hoechst 33342. Scale bar, 10 μm.) compared with those in the HS0h ([Fig. 4A](#fig_004){ref-type="fig"}), HS2h ([Fig. 4C](#fig_004){ref-type="fig"}), HS4h ([Fig. 4D](#fig_004){ref-type="fig"}) and C4h ([Fig. 4E](#fig_004){ref-type="fig"}) groups. The p-p38 activity, quantified by the intensity of immunocytochemical staining, of matured porcine oocytes was significantly decreased in the HS1h group but subsequently recovered in the HS2h, HS4h and prolonged culture (C4h) groups ([Fig. 5](#fig_005){ref-type="fig"}Fig. 5.Quantification of p-p38 activity in matured porcine oocytes after heat shock (HS, 41.5 C). (*a*) a--d, p-p38 levels in matured oocytes after HS for 1 h (HS1h, a), 2 h (HS2h, b) or 4 h (HS4h, c) and oocytes cultured at 39 C for 4 h (C4h, d). Panels a'--d' show the p-p38 levels quantified by the ImageJ software. (*b*) The intensity of p-p38 decreased in the HS1h group and then increased in the HS2h or HS4h groups after prolonged HS (P \< 0.05). ^a-c^ Bars without a common superscript differed (P \< 0.05). Bars indicate means ± SEM (five replicates, five oocytes/replicate).).

Experiment 2: Subcellular localization of phosphorylated p38 in matured oocytes
-------------------------------------------------------------------------------

The expression and distribution of p-p38 in matured porcine oocytes after HS (41.5 C) were visualized, and the results are shown in [Fig. 4](#fig_004){ref-type="fig"}. A normal matured oocyte (without HS, 39 C) has a homogeneous distribution of p-p38 throughout the ooplasm. In the heat-shocked groups, p-p38 first reduced in the HS1h group and then largely recovered in both the prolonged HS (H2h and H4h) and culture (C4h) group as expressed by the immunocytochemical localization and its fluorescence intensity when analyzed by ImageJ ([Fig. 5](#fig_005){ref-type="fig"}).

Experiment 3: Detection of p38 downstream MAPKAPK2 expression under HS conditions
---------------------------------------------------------------------------------

As shown in [Fig. 6](#fig_006){ref-type="fig"}Fig. 6.Expression of p-MAPKAPK2 in matured porcine oocytes cocultured with SB203580 under HS (41.5 C) conditions. (a) A representative immunoblot of p-MAPKAPK2 (49 kDa) derived from matured oocytes cultured in 10 μM SB203580 plus HS conditions for various durations. (b) Expression of p-MAPKAPK2 was increased depending on HS duration in SB203580-free groups but was generally increased under the prolonged culture conditions, especially in the HS4h and C4h groups, which show significantly higher intensities than the C0h group when the intensity of each band was analyzed by the ImageJ software. Five replicates were performed and each lane of the SDS-PAGE gel contained 150 oocytes. ^a,\ b,\ c,\ d^ P \< 0.05. Bars indicate means ± SEM. M, marker., when denuded matured oocytes were co-cultured with SB203580 and then subjected to HS at 41.5 C for various periods of time, the expression of phosphorylated MAPKAPK-2 (an immediate downstream molecule of p38) was not inhibited in any of the HS and C4h groups and only increased under the prolonged cultured conditions regardless of treatment with the inhibitor. Expression of p-MAPKAPK2 was only significantly increased in the HS4h and C4h groups compared with the control (C0h).

Discussion {#s3}
==========

It is well known that p38 MAPK is one of the mitogen-activated protein kinases that are associated with cellular responses stimulated by stresses, cytokines, HS, osmotic shock and radiation and are mainly involved in cell differentiation and apoptosis. Although MAPKs have been implicated in oocyte maturation in several species (*Xenopus*, \[[@r19]\]; mice, \[[@r6]\]; pigs, Yen *et al*., unpublished data), there is very limited information regarding the role of p38 in HS-induced signaling in oocytes of domestic livestock \[[@r20]\]. This study is apparently the first report regarding the role of p38 in matured porcine oocytes subjected to HS.

In mammalian cells, the p38 pathway is activated by various stresses or agonists, e.g., tyrosine kinase or cytokine receptor activators \[[@r21]\]. It is likely that there are multiple cellular sensing mechanisms and that their signals eventually converge to the p38 signaling pathway, although no specific membrane receptors for heat have been reported. Heat, UV light and osmotic stimuli can trigger hydrolysis of membrane sphingomyelins by sphingomyelinase which in turn increases cellular ceramide, a second messenger, to activate SAPKs \[[@r22], [@r23]\]. Also, Jun kinases and apoptosis signal-regulating kinase-1 (ASK1), an upstream molecule of p38, were found to be associated with regulation of apoptosis in somatic cells \[[@r24]\]. Based on our immunocytochemical assay, activation of p38 decreased only in the HS1h group, although it subsequently rebounded when *in vitro* HS was prolonged. Therefore, we inferred that the apoptotic pathway might have been initiated due to the long duration of HS. This was entirely consistent with our previous studies, in which we detected a drastic reduction in developmental competence of embryos subjected to \>2 h of *in vitro* HS \[[@r13], [@r14], [@r25]\]. It has also been reported that apoptosis of bovine oocytes can be induced by *in vitro* HS \[[@r26], [@r27]\], one of the severe cellular stresses that has been shown to cause embryonic loss to occur *in vitro*\[[@r3], [@r25], [@r28]\] and possibly *in vivo*\[[@r29]\]. However, the molecular and cellular bases of heat-induced cell injuries, particularly the deleterious effects of HS on oocyte or embryo viability, remain poorly understood.

Alternatively, short-term mild HS conditions could enhance thermotolerance of various types of cells, organisms and even mammalian embryos \[[@r30], [@r31]\]. However, the mode of how it is triggered may be important. For instance, transient activation of JNK or p38 (or both) is usually associated with cell survival or differentiation, whereas sustained activation of these kinases caused apoptosis \[[@r32],[@r33],[@r34]\]. Based on previous reports, HS may desensitize the p38 pathway, and the desensitization kinetics may be associated with development of thermotolerance in some organisms \[[@r35], [@r36]\]. In addition, HS-induced p38 desensitization was reported to be closely related to heat-induced thermotolerance in Chinese hamster cells \[[@r35]\]. Based on our kinase assays, when matured oocytes were heated or prolonged cultured, the relative activity of p38 was drastically decreased compared with in the control groups ([Fig. 3](#fig_003){ref-type="fig"}). However, we could not completely exclude the possibility that along with an extended duration of HS or *in vitro* culture, oocytes may be physiologically adaptive or dysfunctional in terms of the reduction of the relative p38 activity over time. The existence of the confounding effects of heat shock with a prolonged culture period may not be overlooked, although a mild short-term heat shock could enhance the physiologic parameters (such as intracellular calcium concentrations) or metabolic responses of oocytes or embryos \[[@r37], [@r38]\]. Conversely, direct HS applied to MII oocytes had no immediate influences in the HS and control groups on activation of p90rsk, ERK and JNK ([Fig. 1](#fig_001){ref-type="fig"}). Consequently, oocytes became apoptotic under longer HS conditions, at least partially due to no significant activation of the ERK signaling pathway, which has a potential role in mediating cell division, migration and survival.

Activation of the p38 pathway can also promote phosphorylation of small heat shock protein 27 (Hsp27) \[[@r35], [@r39],[@r40],[@r41]\], which is catalyzed by MAPKAPK2, a serine-protein kinase immediately downstream from p38 \[[@r40], [@r42]\]. Activation of Hsp27 stabilizes cellular actin filaments during environmental insults and mediates dynamic changes in actin filaments in response to p38 activation. \[[@r43],[@r44],[@r45],[@r46]\]. In the present study (Experiment 3), treatment with SB203580 under HS conditions failed to alter MAPKAPK2 activation, and the phosphorylated MAPKAPK2 activity decreased after a short period of HS, although it finally (and unexpectedly) rebounded under prolonged HS and culture conditions ([Fig 6, P](#fig_006){ref-type="fig"} \< 0.05). Induction of thermotolerance with a parallel increase of Hsps was found to inhibit heat-induced apoptosis in many cell types \[[@r47],[@r48],[@r49],[@r50]\]. However, when the concentration of Hsp27 was abnormally elevated, it caused erroneous actin polymerization, leading to cell blebbing or apoptosis \[[@r51]\]. We therefore reasoned that the increased MAPKAPK2 activity might have caused the elevation of Hsp27/25, which, in turn, could have initiated apoptosis under the extended HS conditions. Given the increased MAPKAPK2 activity during the prolonged HS and even when matured oocytes were incubated with the kinase inhibitor, it seemed that there may be different upstream activators or alternative pathways in addition to p38 signaling. Murai *et al.*\[[@r52]\] also reported that a short-term stress-hypersensitive PC12m3 mutant cell induced p38 activation, whereas prolonged stress induced activation of JNK. However, the responsiveness of these kinases under HS mainly depended on the cell types.

In this study, we demonstrated that p38 was the only MAPK examined that responded to the HS signal of matured oocytes. We inferred that spatial and temporal alteration of p38 activation appeared to regulate HS-induced signaling of matured porcine oocytes and that apoptosis might be amplified depending on the p38 MAPK/MAPKAPK2 signaling cascades. However, the changes in the developmental competence of matured porcine oocytes in relation to their apoptotic gene expression after HS require further investigation.
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